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Flow cytometry analysis of the cell-cycle progression was performed in Sf9 cells infected with Autographa californica
nucleopolyhedrovirus (AcNPV) in the cultures partially synchronized by aphidicolin exposure and deprivation. Cells infected
with AcNPV during the G1 phase progressed and were arrested in the S phase in the 4 h following the infection, whereas
cells infected during the S phase did not progress past the S phase. Cells infected during the G2/M phase remained in the
G2/M phase without mitosis during a period of 10 h. Such cell-cycle arrest was also observed in the cells infected with ts8,
a temperature-sensitive mutant of AcNPV that is defective in both genomic DNA synthesis and late gene expression. Cells
with .4 N DNA content accumulated in the cultures infected with wild-type AcNPV, whereas no such cells appeared in the
cultures infected with ts8, suggesting that viral origin of the DNA overaccumulated in the cells with .4 N DNA content. This
was confirmed by the slot blot hybridization experiments, which showed that viral DNA, but not cellular DNA, increased
strikingly in Sf9 cells during the infection with AcNPV. These results indicate that AcNPV targets at least two different
checkpoints to prevent normal cell-cycle progression of Sf9 cells and that neither viral DNA replication nor expression of viral
late genes is a necessary prerequisite for such AcNPV-induced cell-cycle arrest. It is suggested that the cell-cycle arrest in
AcNPV-infected Sf9 cells is an event triggered early in infection by specific interaction of viral gene products with cellular
components that regulate cell-cycle progression. © 1999 Academic Press
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lINTRODUCTION
Nucleopolyhedroviruses (NPVs), a member of the fam-
ly Baculoviridae, are large entomoviruses that contain a
ouble-stranded, covalently closed circular DNA ge-
ome of ;90–160 kb and exhibit a rod-shaped complex
tructure consisting of minimum 14 structural polypep-
ides (Volkman et al., 1995; Funk et al., 1997). A complete
ucleotide sequence of the genomic DNA was deter-
ined so far in three different NPVs derived from Auto-
rapha californica (AcNPV) (Ayres et al., 1994), Orgyia
seudotsugata (OpNPV) (Ahrens et al., 1997), and Bom-
yx mori (BmNPV) (Gomi, 1998) and revealed that the
PV genomes contain .150 putative genes. These
enes are classified into four temporal classes, immedi-
te early, delayed early, late, and very late genes, whose
xpression is coordinately regulated in a cascade fash-
on at the level of transcription (Friesen, 1997; Lu and
iller, 1997). Such complex genomes of NPV encode
NA polymerase (Tomalski et al., 1988; Bjornson et al.,
992; Chaeychomsri et al., 1995; Liu and Carstens, 1995;
hrens and Rohrmann, 1996), DNA helicase (Lu and
arstens, 1991; Ahrens and Rohrmann, 1996; Heldens et
l., 1997), and proliferating cell nuclear antigen (PCNA)
O’Reilly et al., 1989), implying the ability of NPVs to
eplicate in the cells that are not expressing genes in-
1 To whom reprint requests should be addressed. (Fax) 181-52-789-
s038. E-mail: mochiko@agr.nagoya-u.ac.jp.
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176olved in DNA replication. However, functional interac-
ions among multiple viral and cellular proteins involved
n NPV replication have not been well characterized.
Previous studies have demonstrated that replication of
PV in the cell cultures is affected by a number of factors
hat affect the physiology of host cells, including phase of
ell growth and cell density in the culture as well as
utritional conditions of the medium (cf. Vaughn and
ougherty, 1985; Volkman and Knudson, 1986). These
tudies collectively indicate that NPV replicates more
fficiently in the cultures with actively proliferating cells
han in the cultures with nonproliferating quiescent cells.
n addition, it has long been recognized that growth of
ells in the cultures is arrested after the infection with
PV (Vail et al., 1973; Knudson and Tinsley, 1974; Volk-
an et al., 1976), indicating that NPV-infected cells are
mpaired in their ability to progress through the cell
ycle. These facts imply that NPVs regulate cell-cycle
rogression to exploit specific cellular functions for their
aximized replication.
Cell-cycle perturbation has been shown to be caused
y a number of viruses including parvoviruses, polyoma-
iruses, adenoviruses, herpesviruses, and retroviruses
cf. Op De Beeck and Caillet-Fauquet, 1997). The pertur-
ation of the cell cycle due to virus infection, which
ncludes stimulation of cell-cycle progression in quies-
ent cells and blockade of cell-cycle progression in pro-
iferating cells, has been considered to be a unique
trategy for the creation of an intracellular environment
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177CELL-CYCLE PERTURBATION IN AcNPV-INFECTED Sf9 CELLSo acquire maximized replication of viral DNA, and the
trategies employed by viruses for the manipulation of
ell-cycle progression are different according to the
omplexity of viral genomes (cf. Op De Beeck and Cail-
et-Fauquet, 1997).
Little is known of the cell-cycle-related interactions
etween NPV and host cells. A previous study showed
hat TN-368 cells during the middle and late S phases
ere more sensitive to AcNPV infection than the cells in
he G2 phase, although ultimate yields of infectious viri-
ns and polyhedra were not significantly different among
ultures infected at different phases of the cell cycle
Lynn and Hink, 1978). In the suspension cultures, cir-
umstantial evidence indicated that AcNPV multiplica-
ion was enhanced when the Sf9 cells were infected in
he S phase (Kioukia et al., 1995). Recently it was shown
hat Sf9 cells infected with AcNPV and Sf21 cells trans-
ected with the AcNPV ie2 gene were arrested in the
2/M and S phases, respectively (Braunagel et al., 1998;
rikhod’ko and Miller, 1998), suggesting a cell-cycle-
ependent strategy of NPV replication. Investigating the
ell-cycle-related interactions between NPV and host
ells is fundamental not only to facilitate understanding
f the role of cellular factors involved in NPV replication
ut also to provide efficient in vitro NPV production sys-
ems for microbial pest control.
In the present study, we examine cell-cycle progression
n AcNPV-infected Sf9 cells using cultures partially synchro-
ized by aphidicolin exposure and deprivation. Our results
emonstrate that cells infected during the G1 or S phase
re arrested in the S phase, whereas cells infected during
he G2/M phase fail to undergo mitosis, suggesting that
cNPV targets at least two different checkpoints to perturb
ormal cell-cycle progression. Experiments with an AcNPV
emperature-sensitive (ts) mutant defective in viral DNA
eplication indicate that neither viral DNA replication nor
iral late gene expression is a necessary prerequisite for
cNPV-induced cell-cycle arrest. It is thus suggested that
he cell-cycle arrest in AcNPV-infected Sf9 cells is an event
riggered early in infection by specific interaction between
iral and cellular gene products.
RESULTS
ynchronization of Sf9 cells with aphidicolin
Monolayer cultures of Sf9 cells were incubated with
phidicolin at concentrations of 0, 0.2, 0.5, 1, and 5 mg/ml,
nd at intervals until 22 h of incubation, Sf9 cells were
nalyzed by flow cytometry (Fig. 1). In the medium without
dded aphidicolin, cell populations in the G1, S, and G2/M
hases did not change significantly throughout the experi-
ent, indicating that unsynchronized Sf9 cell culture had
26–31% of the cells in the G1 phase, 31–38% in the S
hase, and 34–38% in the G2/M phase. In contrast, when
ncubated with 0.5 mg/ml of aphidicolin, the percentage of
f9 cells in the G1 phase increased rapidly to ;57% at 10 h cnd then gradually to 66% at 22 h, whereas cells in the
2/M phase decreased continuously to ;8% at 22 h. The
ercentage of cells in the S phase also decreased very
lowly from 31.3 to 26.7% during the incubation with aphidi-
olin for 22 h. Cultures incubated with aphidicolin at 1 and
mg/ml followed similar changing patterns of cell-cycle
hase distribution to that of the cultures treated with 0.5
g/ml of aphidicolin. In the cultures with 0.2 mg/ml of
phidicolin, cells in the G1 phase also increased to .60%
f the total cells in 14 h, but the peak of the G1 phase cells
ecame broader with an incubation time #14 h; this sug-
ested that the cell-cycle arrest in the G1 phase was in-
omplete (data not shown).
To examine if the Sf9 cells arrested in the G1 phase by
phidicolin treatment synchronously resume the cell cy-
le, Sf9 cells preincubated with 0.5 mg/ml of aphidicolin
or 15 h were washed thoroughly and incubated for
5.5 h in fresh medium without aphidicolin. Upon depri-
ation of aphidicolin, the cell cycle progressed synchro-
ously from the G1 to S phase in 4 h and .70% of the
ells entered into the G2/M phase by 10 h (Fig. 2). Cells
n the G2/M phase then decreased rapidly to a minimum
f 30% at 18 h. A second-round oscillation of cell-cycle
hase distribution started at ;16 h and proceeded in a
ess synchronous manner (Fig. 2B). From these results,
ulture doubling time was estimated to be ;16 h and the
uration of the G1, S, and G2/M phases was estimated to
e ;4, 6, and 6 h, respectively, under the culture condi-
ions used. Our data suggested that Sf9 cells in mono-
ayer culture had shorter cell-cycle parameters than
hose in suspension culture in which doubling time of the
ells was ;20 h, with G1, S, and G2/M phase durations
f 6, 6, and 8 h, respectively (Braunagel et al., 1998).
ffect of AcNPV on Sf9 cell cycle
Effect of AcNPV infection on the cell-cycle phase dis-
ribution was examined in the Sf9 cells partially synchro-
ized in the G1, S, and G2/M phases by aphidicolin
xposure and deprivation. Monolayer cultures of Sf9
ells were incubated with 0.5 mg/ml of aphidicolin for
5 h to synchronize the cells in the G1 phase. Cultures
ontaining .65% of the cells in the G1 phase were
ock-infected or infected with AcNPV and incubated in
resh medium without aphidicolin. In mock-infected Sf9
ells, cell-cycle distribution and DNA histogram changed
n a synchronous manner similar to those in Fig. 2 (Fig.
). Profiles of DNA histograms of AcNPV and mock-
nfected cells were comparable until 4 h p.i. but differed
trikingly from each other from 6 h p.i. onward. In AcNPV-
nfected cultures, cells in the G1 phase did not enter into
he G2/M phase throughout the experiment, although
here was a progressive shift of cells from G1 to S phase.
n addition, cells with .4 N DNA content appeared and
ncreased in amount from 8 h p.i. in the AcNPV-infected
ultures. Two lines of evidence from the experiments
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178 IKEDA AND KOBAYASHIescribed below (cf., Figs. 5–7) indicated that the over-
ccumulation of DNA in these cells was due to viral DNA
ynthesized in the infected cells rather than due to cel-
ular DNA replicated without mitosis.
To monitor cell-cycle progression in the cells infected
FIG. 1. Aphidicolin-induced Sf9 cell-cycle arrest in the G1 phase. Sf9 c
B). Cells were harvested from the cultures at the indicated times and p
04 cells is shown as the relative DNA content depicted as PI fluoresce
n the basis of DNA histograms in (A) and (B), the percentage of cells in
nd is shown in (C) and (D), respectively.ith AcNPV in the G2/M phase, monolayer cultures of cf9 cells were treated for 15 h with 0.5 mg/ml of aphidi-
olin and then incubated for 10 h in fresh medium with-
ut aphidicolin. Cultures containing .70% of cells in the
2/M phase were infected with AcNPV, incubated with
resh medium without aphidicolin, and analyzed by flow
re incubated in the medium with 0 mg/ml (A) or 0.5 mg/ml of aphidicolin
ed for flow cytometry analysis. The cell-cycle phase distribution of 1 3
tensity and number of cells. The G1, S and G2/M peaks are indicated.
, S (), and G2/M (E) phases was calculated by using MPLUS (Coulter)ells we
rocess
nce in
G1 (F)ytometry until 10 h p.i. (Fig. 4). In mock-infected cultures,
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179CELL-CYCLE PERTURBATION IN AcNPV-INFECTED Sf9 CELLSells in the G2/M phase decreased continuously
hroughout the experiment with a concomitant increase
n the cells in the G1 phase, and a peak of G1 phase cells
FIG. 2. Cell-cycle progression of Sf9 cells following the release from
lockade with aphidicolin. Monolayer cultures of Sf9 cells were ex-
osed for 15 h to 0.5 mg/ml of aphidicolin. These cultures were washed
ith drug-free medium and incubated in fresh medium. At intervals
hereafter, cells were analyzed by flow cytometry. DNA histograms (A)
nd the percentage of cells in the G1 (F), S (), and G2/M (E) phases,
erived from the individual DNA histograms (B), were presented. For
etails, see the legend to Fig. 1.n the DNA histogram became clearly observed at 4 h nfter mock infection. Taking into account the 6-h duration
f the G2/M phase (Fig. 2B), this result indicated that the
ock-infected cells at 10 h after the release from aphidi-
olin blockade were in the middle of the G2/M phase. In
cNPV-infected cultures, G2/M phase cells remained at
level of 70–75% until 6 h p.i. and then increased. No
lear peak specified by G1 phase cells was observed
hroughout the experiment, indicating that AcNPV-
nfected cells in the G2/M phase fail to undergo mitosis.
Cell-cycle progression was also examined in the cells
nfected with AcNPV in the S phase. Cultures containing
75% cells in the S phase (cf., Figs. 2A and 3A), which
ad previously been treated for 15 h with 0.5 mg/ml of
phidicolin and then incubated for 3 h in drug-free me-
ium, were infected with AcNPV and analyzed at inter-
als by flow cytometry. DNA histograms showed that the
ells infected with AcNPV in the S phase remained in the
phase for #10 h (data not shown).
ffect of ts8 on Sf9 cell cycle
Observations described above in Sf9 cells infected
ith wild-type (wt) AcNPV showed that cell-cycle pertur-
ation by virus infection occurred at early stages of virus
nfection, suggesting that products of early viral genes
ere responsible for the observed host cell-cycle arrest.
o corroborate such a suggestion and to offer evidence
hat the DNA overaccumulated in the cells with .4 N
NA content was derived from viruses, we conducted
xperiments with a ts mutant of AcNPV, ts8, that was
efective in viral DNA synthesis at nonpermissive tem-
erature (Erlandson et al., 1984; Gordon and Carstens,
984). Consistent with earlier results, our results from
lot blot hybridization experiments using AcNPV ie1
ene as the probe showed that ts8 was defective in viral
NA synthesis at 33°C but synthesized considerable
mount (;1/2.5 of that in wt-infected cells) of viral DNA
t 25°C (data not shown).
Sf9 cell cultures were partially synchronized in the G1
hase by the aphidicolin exposure as described above.
hese partially synchronized cultures were infected with
s8, incubated at 33 or 25°C, and then analyzed by flow
ytometry (Fig. 5). The results showed that ts8 infection
rrested the cell cycle in the S phase irrespective of the
ncubation temperatures of infected cells. In addition, it
as also shown that cells with .4 N DNA content were
ot detected in ts8-infected cultures at 33°C, whereas
s8-infected cultures incubated at 25°C and wt-infected
ultures incubated at 33 and 25°C contained cells with
4 N DNA content.
The effect of ts8 infection was also examined in the
ultures partially synchronized in the G2/M phase. As in the
ase of wt-infected cells, the results indicated that ts8-
nfected cells were arrested in the G2/M phase as evi-
enced by no increase in the peak of G1 phase cells and
o shift of the G2/M phase cell peak during the infection
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180 IKEDA AND KOBAYASHI24 h p.i. (Fig. 6). Cells with .4 N DNA content were not
bserved in the cultures infected with ts8 and incubated at
3°C (Fig. 6C), whereas a number of cells with .4 N DNA
ontent appeared in both ts8-infected cultures at 25°C and
t-infected cultures at 33 and 25°C, again indicating the
FIG. 3. Effect of AcNPV infection on cell-cycle progression in Sf9 cells in
ontaining 0.5 mg/ml of aphidicolin for 15 h. After aphidicolin treatment, cu
nfected with AcNPV (m.o.i. of 5; B). At the indicated times p.i., cells were s
ercentage of the cells at the G1 (F), S (), and G2/M (E) phases was eiral origin of the DNA overaccumulated in these cells. ciral and cellular DNA changes in AcNPV-infected
f9 cells
To offer corroborating evidence for the viral origin of
he DNA overaccumulated in the cells with .4 N DNA
during the G1 phase. Cultures of Sf9 cells were incubated in the medium
ere washed thoroughly with drug-free medium and mock-infected (A) or
d to flow cytometry analysis. Based on DNA histograms in (A) and (B), the
d by using MPLUS (Coulter) and is shown in (C) and (D), respectively.fected
ltures w
ubjecteontent, slot blot hybridization analysis of viral and cel-
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181CELL-CYCLE PERTURBATION IN AcNPV-INFECTED Sf9 CELLSular DNA was carried out in the same infected cells used
or flow cytometry analysis in Figs. 5 and 6. Monolayer
ultures of Sf9 cells partially synchronized in the G1 or
2/M phase by the procedures described above were
ock-infected or infected with either ts8 or wt of AcNPV
nd incubated at 33°C. At intervals, total DNA was obtained
FIG. 4. Effect of AcNPV infection on cell-cycle progression in Sf9 cells in
5 h were washed and incubated for 10 h in the fresh medium. After incub
nfected with AcNPV (m.o.i. of 5; B). At the indicated times p.i., cells were s
ercentage of the cells at the G1 (F), S (), and G2/M (E) phases was erom the infected cultures by NaI treatment and subjected so slot blot analysis using parts of Spodoptera frugiperda
ctin gene and AcNPV ie1 gene as the probes for cellular
nd viral DNA, respectively. No significant increase in cel-
ular DNA was observed in either wt- and ts8-infected
ultures until 24 h p.i., whereas cellular DNA in mock-
nfected cultures increased approximately twice during the
during the G2/M phase. Sf9 cells exposed to 0.5 mg/ml of aphidicolin for
ultures with .70% of cells in the G2/M phase were mock infected (A) or
d to flow cytometry analysis. Based on DNA histograms in (A) and (B), the
d by using MPLUS (Coulter) and is shown in (C) and (D), respectively.fected
ation, c
ubjecteame period of time (Fig. 7). Viral DNA in wt-infected cul-
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182 IKEDA AND KOBAYASHIures increased strikingly to the similar level of cellular DNA
t 10 h p.i. and to approximately four and two times that of
he cellular DNA at 24 h p.i. in the cells infected in the G1
FIG. 5. Effect of ts8 infection on the cell cycle and DNA content of S
.5 mg/ml of aphidicolin for 15 h and mock-infected (A and D) or infec
ultures were incubated at 33 (A, B, and C) or 25°C (D, E, and F), and a
istribution of 1 3 104 cells is shown as the relative DNA content depnd G2/M phases, respectively, while viral DNA in ts8- dnfected cultures remained at a negligible level throughout
he experiment. These results strongly indicate that the
NA overaccumulated in AcNPV-infected Sf9 cells is not
infected during the G1 phase. Cultures of Sf9 cells were exposed to
h wild-type (B and E) or ts8 of AcNPV (C and F) (m.o.i. of 5). Infected
icated times p.i., cells were subjected to flow cytometry analysis. The
s PI fluorescence intensity and number of cells.f9 cells
ted wit
t the inderived from host cells but from viruses.
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183CELL-CYCLE PERTURBATION IN AcNPV-INFECTED Sf9 CELLSDISCUSSION
It has recently been shown that AcNPV interacts with
f9 cells to arrest cell-cycle progression in the G2/M
FIG. 6. Effect of ts8 infection on the cell cycle and DNA content of S
g/ml of aphidicolin for 15 h were washed thoroughly and incubated fo
ere mock-infected (A and D) or infected with wild-type (B and E) or ts
, and C) or 25°C (D, E, and F), and at the indicated times p.i., cells w
hown as the relative DNA content depicted as PI fluorescence intenshase (Braunagel et al., 1998). A recent study using Mransient transfection assay has also shown that AcNPV
e2 gene, an immediate early gene, was sufficient to
rrest Sf21 cell cycle in the S phase (Prikhod’ko and
infected during the G2/M phase. Cultures of Sf9 cells exposed to 0.5
in fresh medium. Cultures with .70% of total cells in the G2/M phase
NPV (C and F) (m.o.i. of 5). Infected cultures were incubated at 33 (A,
jected to flow cytometry analysis. The distribution of 1 3 104 cells is
number of cells.f9 cells
r 10 h
8 of Aciller, 1998). Consistent with these observations, our
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184 IKEDA AND KOBAYASHIesults in the present study showed that AcNPV had the
otential to induce cell-cycle arrest in Sf9 cells. In addi-
ion, we found that the phases of cell cycle arrested by
cNPV infection were dependent upon the phases of cell
ycle at virus infection. In the partially synchronized cul-
ures, flow cytometry analysis showed that Sf9 cells
nfected with AcNPV in the G2/M phase were unable to
ndergo mitosis, whereas cells infected in the G1 or S
hases resulted in cell-cycle arrest in the S phase. These
esults suggest that AcNPV targets at least two different
heckpoints to prevent normal cell-cycle progression of
f9 cells.
Aphidicolin, an inhibitor of replicative DNA polymerase
f eukaryotic cells, has been successfully adapted to
chieve highly synchronized populations of growing eu-
aryotic cells (Pedrali-Noy et al., 1979; Spadari et al.,
FIG. 7. Slot blot analysis of viral and cellular genomic DNAs. Culture
B and D) according to the procedure described in the text and infected
ock-infected (E). Total DNA were isolated at various times p.i. from th
arts of AcNPV ie1 gene and cytoplasmic actin gene of Sf9 cells were
A and B) and Sf9 cellular DNA (C and D), respectively. Hybridized p
ntensity was counted by Lumi Imager F1 Workstation (Boehringer Man
sed as standards for the quantification of contents of AcNPV viral an982; Matherly et al., 1989). In the cultures of Sf9 cells, i60% of cells exposed simply to aphidicolin were ini-
ially accumulated in the G1 phase in 15 h, and then a
arge cohort of cells progressed in a synchronous fash-
on from G1 into G2/M phase upon release from the 15-h
lockade with aphidicolin, resulting in an accumulation
f .70% of cells in the G2/M phase during a period of
0 h. The degree of cell-cycle synchronization achieved
y aphidicolin exposure and deprivation was somewhat
ess than satisfactory, yet such partial synchronization of
ells made it possible to characterize the AcNPV-in-
uced cell-cycle arrest to be an event that occurred early
n virus infection. Our results in partially synchronized
ultures clearly showed that the cells infected with Ac-
PV in the G1 phase progressed synchronously and
ere arrested in the S phase within 6 h after the infection
nd that the cells infected in the G2/M phase remained
9 cells were partially synchronized in G1 (A and C) and G2/M phases
(F) or ts8 of AcNPV (]). Some of partially synchronized cultures were
infected cells and blotted onto Hybond N1 nylon membranes. Certain
d with Gene Images (Amersham) and used as probes for AcNPV viral
as visualized by CDP-star detection module (Amersham), and signal
. Known amounts of AcNPV genomic DNA and Sf9 cellular DNA were
ellular DNA, respectively.s of Sf
with wt
e virus-
labele
robe w
nheim)n the G2/M phase during a period of 10 h under the
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185CELL-CYCLE PERTURBATION IN AcNPV-INFECTED Sf9 CELLSulture conditions in which mock-infected cells reen-
ered the cell cycle after an initial lag period of 4 h. These
esults indicate that the cell-cycle arrest observed in
cNPV-infected Sf9 cells is not a consequence of overall
ellular damage by virus infection but an event triggered
arly in infection by the specific interaction of viral gene
roducts with cellular components that were responsible
or the regulation of cell-cycle progression.
Cell-cycle perturbation was also observed in the cells
nfected with ts8 and incubated at 33°C. ts8 is a temper-
ture-sensitive mutant that is defective in viral DNA syn-
hesis due to a single amino acid change in the DNA
elicase gene (p143) (Lu and Carstens, 1991) and syn-
hesizes only three early polypeptides in the infected
ells at the nonpermissive temperature without produc-
ion of any detectable amount of polypeptides from viral
ate genes (Gordon and Carstens, 1984). These results
ndicate that synthesis of viral DNA or viral late gene
roducts is not a necessary prerequisite for such cell-
ycle arrest. In conjunction with the fact that the cell-
ycle perturbation by AcNPV is triggered early in infec-
ion, it seems probable that cell-cycle arrest by AcNPV is
ediated by early gene products of the viruses. This idea
s consistent with the finding that ie2 is involved in the
rrest of cell-cycle progression in the transfected cells
Prikhod’ko and Miller, 1998).
It has been demonstrated that AcNPV infection in-
uces a drastic rearrangement of microtubules and mi-
rofilaments that serve as major components of cy-
oskeleton. In the infected cells, microtubules arising
rom tubulin first reorganize in response to early virus
ene product synthesis and then depolymerize in re-
ponse to late virus gene product synthesis (Volkman
nd Zaal, 1990). Three sequential actin microfilament
earrangements occur in the infected cells: thick cable
ormation during virus penetration, ventral aggregate for-
ation before viral DNA replication, and nuclear micro-
ilament formation during nucleocapsid morphogenesis
Charlton and Volkman, 1991). A recent study demon-
trated that an early viral gene, designated arif-1 (actin-
earrangement-inducing factor 1) and expressed abun-
antly at 4–6 h p.i., is responsible for the formation of
entral aggregates of actin (Roncarati and Knebel-
orsdorf, 1997). On the basis of these facts together with
he important functional roles of the cytoskeleton in nor-
al cellular processes including cell cycling (Desai and
itchison, 1997; Schmidt and Hall, 1998), it is tempting to
peculate that cell-cycle arrest observed in AcNPV-
nfected Sf9 cells is attributable to such rearrangement
f cytoskeletons.
Cells with .4 N DNA content were observed in the Sf9
ultures infected with AcNPV. Similar cells with .4 N
NA content have been shown to accumulate in the
ultures infected with a variety of viruses, including ad-
novirus (Grand et al., 1998), cytomegalovirus (Jault et al.,
995), simian virus 40 (SV40) (Scarano et al., 1994), pap- tllomavirus (Belyavski et al., 1996; Dittmer and Mocarski,
997), and human immunodeficiency virus type 1 (Bartz
t al., 1996). In AcNPV-infected cultures, cells with .4 N
NA accumulated irrespective of the cell-cycle phase at
nfection, indicating that synthesis of DNA overaccumu-
ated in the cells with .4 N DNA content occurred
ndependently of the cell-cycle phases in arrest. Two
ines of evidence in the present study indicated that the
NA overaccumulated in AcNPV-infected cells with .4
DNA content was of viral origin. First, cells with .4 N
NA content did not accumulate in the ts8-infected cul-
ures at the nonpermissive temperature. Second, slot
lot hybridization analysis showed that in AcNPV-
nfected cells, no significant increase in cellular DNA
as observed while viral DNA increased strikingly with
he times p.i. These results confirm the previous finding
Braunagel et al., 1998) that viral DNA synthesis is
chieved in the cells that fail to synthesize their own
enomic DNA.
Our finding that the DNA overaccumulation in infected
ells is viral in origin agrees with that obtained previ-
usly in AcNPV-infected suspension cultures of Sf9 cells
Braunagel et al., 1998) but is inconsistent with that
btained in ie2-transfected Sf21 cells in which cellular
NA is synthesized continuously without mitosis
Prikhod’ko and Miller, 1998). The difference between our
inding and that of Prikhod’ko and Miller (1998) likely
eflects the difference in the mode of viral gene expres-
ion between AcNPV-infected cells and ie2-transfected
ells; i.e., multiple early genes are simultaneously ex-
ressed in the infected Sf9 cells, whereas only the ie2
ene is transiently expressed in transfected Sf21 cells. In
onjunction with the fact that IE2 protein does block
ell-cycle progression in the S phase but does not block
ellular DNA replication, these results suggest that viral
arly gene(s) other than ie2 gene plays an important role
n the blockade of cellular DNA replication in virus-
nfected cells.
The underlying mechanism of cell-cycle arrest in the S
nd G2/M phases caused by AcNPV infection remains to
e explored. Cell-cycle progression is a tightly regulated
rocess, and current understanding in mammalian cells
ndicates that cyclins A and B regulate the S and G2/M
hases of the cell cycle (Sherr, 1993; Hartwell and Kas-
an, 1994). Cyclin A physically interacts with and acti-
ates cyclin-dependent kinase 2 (cdk2) to ensure com-
letion of cellular DNA replication before the onset of
itosis. Cyclin B, on the other hand, forms a complex
ith cell division cycle 2 (cdc2), or cdk1, and regulates
oth entry and exit of mitosis in such a way that activa-
ion of cdc2 by removing the inhibitory phosphates from
he cyclin B/cdc2 complex triggers entry into mitosis,
hereas inactivation of kinase activity of cdc2 due to
biqutin-mediated degradation of cyclin B during an-
phase triggers exit from mitosis (Sherr, 1993). Consis-ent with these pictures in mammals, AcNPV infection
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186 IKEDA AND KOBAYASHInduces high levels of both cdc2-associated histone H1
inase activity and cyclin B protein concomitantly with
he accumulation of cells in the G2/M phase (Braunagel
t al., 1998). At the late stage of infection, however, cyclin
is no longer detected, whereas cdc2-associated his-
one H1 kinase remains active owing to the viral-en-
oded multifunctional cyclin, which can associate with
ither cdc2 or cdk6 to form active kinase complexes
Belyavskyi et al., 1998; Braunagel et al., 1998). In our
reliminary study in partially synchronized cultures, im-
unoblot analysis showed that cdc2 protein in the nu-
leus of Sf9 cells decreased to a negligible level during
he infection with AcNPV (Ikeda, unpublished data), sug-
esting the important role of nuclear cdc2 in the cell-
ycle arrest of AcNPV-infected Sf9 cells. Detailed molec-
lar basis for the AcNPV-induced cell-cycle arrest awaits
urther investigation.
MATERIALS AND METHODS
ell, viruses, and infection
Sf9 cells derived from Spodoptera frugiperda were
rown in monolayer at 28°C in Grace’s medium (Gibco
RL) supplemented with 10% fetal bovine serum. Expo-
entially growing Sf9 cells (2 3 106 cells) were seeded in
25-cm2 culture flask (Nunc), and the cultures were
ncubated for ;6 h before use. The E2 clone (Smith and
ummer, 1978) and ts8 mutant (a generous gift from Prof.
arstens) (Erlandson et al., 1984; Gordon and Carstens,
984) of Autographa californica nucleopolyhedrovirus
AcNPV) were used in these experiments. ts8 is a tem-
erature-sensitive (ts) mutant that is defective in DNA
eplication at nonpermissive temperature. Sf9 cells un-
ynchronized or partially synchronized by aphidicolin ex-
osure and deprivation were infected with AcNPV at a
.o.i. of 5 plaque forming units (PFU) per cell, and vi-
uses were allowed to adsorb onto the cells for 1 h at
oom temperature. Infected cultures were washed twice
ith the medium and incubated in fresh Grace’s medium
t 28°C. The cultures infected with ts8 were incubated
ither at 33 or 25°C. Time 0 was defined at the time when
he virus inoculum was removed and incubation in the
resh medium was started.
phidicolin treatment
Aphidicolin (Wako, Osaka, Japan) dissolved in di-
ethyl sulfoxide at a concentration of 10 mg/ml was
sed as a stock solution, and Sf9 cells in a 25-cm2
ulture flask were treated with a medium containing
phidicolin at desired concentrations. Release of cells
rom aphidicolin blockade was accomplished by wash-
ng the cells three times with drug-free medium followed
y incubation in the fresh medium. clow cytometry analysis
Sf9 cells in a 25-cm2 culture flask were scraped by
ubber policeman, collected into centrifuge tubes, and
ashed three times with phosphate-buffered saline
PBS, 8 mM Na2HPO4, 1.5 mM KH2PO4, 137 mM NaCl, 2.7
M KCl). These cells were then suspended in 0.5 ml of
BS, fixed in 4 ml of ice-cold 70% ethanol, and kept at
°C for $2 h. Fixed cells were washed three times with
BS and treated at 37°C for 20 min with 0.5 ml of RNase
(1 mg/ml in 0.1 M Tris–HCl, pH 7.5, containing 15 mM
aCl; Boehringer Mannheim). After pelleting, cells were
uspended in 1 ml of ice-cold propidium iodide (PI) (0.1
g/ml PBS containing 0.1% sodium citrate; Wako, Osaka,
apan), incubated at 4°C for 10 min, and then filtrated
hrough a nylon membrane (200 mesh). Cells stained
ith PI were analyzed on EPICS XL-MCL (Coulter). At
east 1 3 104 cells were counted in each assay and
ell-cycle phases were analyzed by MPLUS software
Coulter).
lot blot analysis of cellular and viral DNA
Sf9 cells infected with wt or ts8 of AcNPV were col-
ected at the designated times p.i., and 2 3 104 cells
ere processed for slot blot analysis according to the
rocedure of Morris and Miller (1993) and Bresser and
illespie (1983). Briefly, cells were centrifuged at 10,000
for 15 min, and the resultant pellets were suspended in
00 ml of distilled water. Heated supersaturated NaI (162
l) was added to the suspension, and the mixture was
oiled for 10 min. After chilling on ice, the mixture diluted
ith TE was blotted onto a Hybond N1 nylon membrane
Amersham) with the aid of Milliblot-S (Millipore). A
nown amount of AcNPV DNA and Sf9 cellular DNA was
lso blotted on the membrane as standard for DNA
uantification. The membrane was incubated succes-
ively in 1.5 M NaCl–0.5 M NaOH and 1.5 M NaCl–0.5 M
ris–HCl, pH 7.2, containing 1 mM EDTA, and then fixed
n 0.4 M NaOH. After washing with 53 SSPE, the mem-
rane was incubated in prehybridization solution and
ybridized with fluorescein-labeled DNA probes accord-
ng to the protocol of Gene Images CDP-Star detection
odule (Amersham).
For AcNPV DNA specific probe, a 1383-bp EcoRV-AccI
ragment of AcNPV ie1 gene was used. For a probe
pecific to Sf9 cellular DNA, a 224-bp cytoplasmic actin
ene fragment was employed. The actin gene fragment
as amplified by PCR with Sf9 cellular DNA as a tem-
late and two synthetic oligonucleotides, 59-ATCAAG-
AGAAGCTGTGCTA-39 and 59-CACTTCATGATGGAGTT-
TA-39, as primers which were designed for Bombyx
ori actin gene (Mounier and Prudhomme, 1986; Niimi et
l., 1993). Nucleotide sequence analysis revealed that
he 224-bp DNA fragments amplified in the present study
howed 95 and 92% identities to Helicoverpa armigera
ytoplasmic actin gene (Rourke and East, 1997) and B.
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187CELL-CYCLE PERTURBATION IN AcNPV-INFECTED Sf9 CELLSori cytoplasmic actin A4 gene (Mounier and Prud-
omme, 1986), respectively. Fluorescein-labeled probe
ybridized was detected by Gene Images CDP-Star de-
ection module (Amersham) and chemiluminescence
as monitored and analyzed by Lumi-Imager F1 Work-
tation (Boehringer Mannheim).
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